Background: Snakes of the genus Bothrops, popularly known as pit vipers, are responsible for most cases of snakebite in Brazil. Within this genus, Bothrops jararacussu and B. jararaca deserve special attention due to the severity of their bites and for inhabiting densely populated areas. Regarding the treatment of snakebites by Bothrops jararacussu, questions have been raised about the effectiveness of the specific bothropic antivenom in neutralizing myotoxic effects; however, there are no accurate data for humans. Thus, the development of a differential diagnostic kit for this species would be of great interest because it provides, for healthcare professionals, a tool that would allow us to determine whether the accident was caused by B. jararacussu or other species of the genus. It would also make it possible to evaluate the specificity of the treatment and to provide data for epidemiological studies. Methods: First, we produced a species-specific polyclonal antibody -a potential biomarker of Bothrops jararacussu venom -against bothropstoxin-I (BthTx-I), which is also found in smaller quantities in the venoms of B. jararaca from southern Brazil.
Background
Among the snake species of the genus Bothrops, Bothrops jararacussu is remarkable for the low immunogenicity of its venom, which is highly myotoxic, leading to necrosis of striated muscle fibers and slowing tissue regeneration [1, 2] . In all Brazilian states where B. jararacussu is present, B. jararaca is also found [3] . This makes it difficult to differentiate between these two snakes when an accident occurs, due to extensive homology among envenomation symptoms [4, 5] . In Rio de Janeiro, both species have clinical importance. In the envenomation context, the question of the efficiency of specific bothropic antivenom against B. jararacussu bites is often discussed, since the myotoxic effects observed in mice are not completely neutralized. For this reason, some researchers have suggested the use of a combinated bothropic-crotalic antivenom as a more appropriate treatment [1, [6] [7] [8] [9] [10] .
The proteomic characterization of B. jararacussu venom and the immunoreactivity of anti-B. jararaca and anti-B. jararacussu sera have contributed to our understanding of some of the immunochemical characteristics of B. jararacussu venom and led to a suggestion for the use of bothropstoxin-I (BthTx-I) as a biomarker molecule [11] . This molecule is a phospholipase A 2 Lys-49 (Lys-49 PLA 2 ) from B. jararacussu venom with three α-helices and two antiparallel β-sheets [12, 13] . This protein is the most abundant myotoxin that can be isolated from B. jararacussu venom and although it exhibits severe neurotoxicity and myotoxicity, it shows little or no phospholipase activity [13, 14] . This toxin is able to promote injury in lipid bilayer of cell membranes through a calciumindependent mechanism, inducing myonecrosis [13, 15] .
Lys49-PLA 2 molecules have been described in various Bothrops venoms, such as BnSP-7 from B. neuwiedi, myotoxin I from B. moojeni, and BaTX from B. alternatus, among others [16] [17] [18] . Recently, Gonçalves-Machado et al. [19] described the presence of BthTx-I in venoms of B. jararaca from the southern region of Brazil. Methods for differentiating the envenomation caused by B. jararacussu from the one caused by B. jararaca are very important in order to enable the epidemiological study of accidents with these two snakes, as well as to allow studies of treatment efficiency for B. jararacussu bites in humans. In this context, the objective of the present study was to produce monoclonal antibodies from BthTx-I to be used as tools for the development of a differential diagnostic kit for bites provoked by B. jararacussu.
Methods

Animals and venoms
BALB/c mice (18-20 g) 
Isolation of bothropstoxin-I
Bothropstoxin-I was isolated following the description of Correa-Netto et al. [11] . Briefly, B. jararacussu venom (500 mg) dissolved in 5 mL buffer (20 mM Tris-HCl, 150 mM NaCl, pH 8.8) was applied onto a Sephacryl S-200 HR column (2.6 × 100 cm) with a flow rate of 17 mL/h generating four distinct peaks. The third peak, which contained proteins with a maximal apparent molecular mass of 30 kDa, was dialyzed against PBS buffer (50 mM sodium phosphate/150 mM sodium chloride, pH 7.4) and applied to an ion-exchange column (Mono S HR 5/5, Pharmacia) at a flow rate of 1.0 mL/min. Elution using a linear gradient of 0-1 M NaCl in the same phosphate buffer yielded two peaks; the second was identified as BthTx-I by mass spectrometry. The elution profile was monitored by absorbance at 280 nm.
Polyclonal anti-BthTx-I serum produced in rabbits
Two rabbits were injected subcutaneously with 500 μg of BthTx-I emulsified in complete Marcol/Montanide adjuvant. After the first injection, boosters were made 2, 3, 4 and 5 weeks later with incomplete Marcol/Montanide adjuvant. Blood samples were drawn after the 5th week and the immune serum was collected.
Purification of polyclonal species-specific antibodies
Two columns of Sepharose 4B activated by cyanogen bromide were prepared, one with Bothrops jararacussu (jararacussu-Sepharose) and the other with Bothrops jararaca from the southeast region of the country (jararaca-Sepharose). The column preparation followed instructions from Amersham Biosciences. Both columns were equilibrated with PBS buffer (50 mM sodium phosphate/150 mM sodium chloride, pH 7.4). Anti-BthTx-I serum was applied to the jararacussu-Sepharose column at a flow rate of 1 mL/min, thereafter discarding the unbound material. Immunoglobulins with affinity for the B. jararacussu venom were collected and applied to the jararaca-Sepharose column at a flow rate of 1 mL/min. The immunoglobulins that did not bind to the column were collected and those with affinity for the venom of B. jararaca were discarded. The pool of IgGs that did not bind to the column was designated "purified speciesspecific anti-BthTx-I". For the elution of immunoglobulins from both columns, 0.2 M glycine/HCl buffer, 0.15 M NaCl, pH 2.8 was used. The elution was monitored by absorbance at 280 nm.
Immunization of mice
Mice (female Balb/c) were immunized according to Fernandes et al. [20] . Four days after the last booster, animals were bled from the ophthalmic plexus and one animal immunized with BthTx-I was killed and popliteal lymph nodes were removed.
Production and purification of monoclonal antibodies (mAbs)
Monoclonal antibodies were produced as described by Köhler and Milstein [21] , with modifications. Popliteal lymph node cells from BALB/c mice immunized with BthTx-I were fused with SP2-O cells (2:1) using polyethylene glycol 4000 (Merck). Hybrids were selected in RPMI 1640 medium containing 3% HAT (hypoxanthine 10 mM, aminopterin 40 mM and thymidine 1.6 mM; Gibco-BRL) and 10% FCS (Gibco-BRL) at 37°C and 5% CO 2 . Supernatant fluids were screened for species-specific antibodies by ELISA, as described in the next section. Antibodysecreting cells were expanded and cloned twice at limiting dilution. The mAbs contained in culture supernatants were purified by affinity chromatography on protein-A Sepharose (Pharmacia) equilibrated in borate saline buffer, pH 8.5. The proteins were eluted in 0.2 M glycine/HCl buffer, 0.15 M NaCl, pH 2.8, and dialyzed in borate saline buffer. An isotyping kit (Sigma) was used to determine the heavy-chain isotype.
ELISA
ELISA was carried out according to Theakston et al. [22] . Briefly, wells were coated with venom (1 μg/well) or BthTx-I and, after blocking with 3% bovine serum albumin, various dilutions of mAbs were added to a final volume of 100 μL. Antigen-antibody reaction was detected by addition of anti-mouse IgG-peroxidase conjugate and ortho-phenylenediamine (1 mg/mL, Sigma) and H 2 O 2 as enzyme substrates.
Dot blot
Dot blot was carried out as described by Towbin et al. [23] , with modifications. Briefly, samples (1 μg/μL) were applied directly to nitrocellulose membranes. After blocking with 3% bovine serum albumin, dilutions of mAbs were added. Antigen-antibody reaction was detected by addition of anti-mouse IgG-peroxidase conjugate and the reaction with a chromogenic substrate, 4-chloro-1-naphthol 0.05% in 15% methanol in the presence of 0.03% H 2 O 2 .
Results
Polyclonal species-specific antibodies
We first tested whether the anti-BthTx-I polyclonal antibodies could give specific antibodies to recognize venoms from B. jararacussu and B. jararaca. For this purpose, we produced polyclonal antibodies in rabbits and tested against purified BthTx-I, B. jararacussu and B. jararaca (southeastern) venoms. As expected, the antibodies recognized both venoms when analyzed by ELISA and immunobloting (data not shown). With the goal of eliminating cross-reactive IgGs from polyclonal serum, these antibodies were subjected to affinity chromatography as described in Methods section, which yielded specific IgGs called here species-specific antiBthTx-I. This set of antibodies clearly recognized B. jararacussu venom regardless of whether they were analyzed against individual or pooled venoms or against purified BthTx-I (Fig. 1 ) and did not recognize B. jararaca venom. These data clearly showed the utility of BthTx-I in generating such specific antibodies.
Production and characterization of monoclonal antibodies (mAbs)
Since polyclonal antibodies produced against BthTx-I were able to differentiate between the venom of two species, we decided to produce monoclonal antibodies. Fusion of myeloma SP2-O cells with popliteal lymphocytes of mice immunized with BthTx-I resulted in 354 hybridomas of which 21 secreted antibodies against BthTx-I. For cloning, we selected 12 hybridomas, tested by ELISA, that produced the highest optical density (>1.0) of antibodies; these were recloned to ensure monoclonality. Seven stable, immortalized clones secreting anti-BthTx-I antibodies were obtained. These mAbs were designated Bt-1, Bt-2, Bt-3, Bt-6, Bt-10, Bt-11 and Bt-12. All were mAbs belonging to the IgG1 isotype except mAb Bt-6, which belongs to the IgG2b isotype. The mAbs were analyzed by ELISA regarding their ability to recognize venoms from B. jararacussu and southeastern B. jararaca. The mAbs Bt-1, Bt-2, Bt-3, Bt-6 and Bt-10 showed specific reactivity for B. jararacussu venom while Bt-11 and Bt-12 could recognize both venoms (Fig. 2) .
Since ontogenetic and individual variations are described in Bothrops venoms we analyzed the specificity with which mAbs could recognize individual venoms of ten neonates and adults of B. jararacussu and southeastern B. jararaca. The mAbs Bt-1, Bt-2, Bt-3, Bt-6 and Bt-10 were specific for neonates and adults of B. jararacussu but did not recognize the venoms of southeastern B. jararaca (Fig. 3a) . On the other hand, mAbs Bt-11 and Bt-12 recognized both venoms (B. jararacussu and B. jararaca) independently of the age (Fig. 3b) .
Analyzing the reactivity of mAbs against the venom of B. jararaca from the south of Brazil
As soon as we discovered the presence of BthTx-I in the venom of B. jararaca from the south region of Brazil, we evaluated its reactivity to mAbs using ELISA [15] . First, a serial dilution of mAbs in PBS was added. With a high mAbs concentration, venom of southern B. jararaca could be detected. However, as the mAbs concentration decreased, the intensity of the signal was gradually reduced until complete abrogation at 0.62 ng/μL. This result was reproduced with mAb Bt-1, Bt-2, Bt-3, Bt-6 and Bt-10. Hence, Bt-11 and Bt-12 do not lose reactivity to venom of southern B. jararaca, as expected. Figure 4 shows an example of the results obtained using Bt-3 and Bt 11.
To confirm these data, a dot-blot analysis was carried out in order to compare effects of different mAbs and dilutions against venom from B. jararacussu and southern B. jararaca. It was again demonstrated that by using 62 nanograms of mAbs it is possible to detect venom from B. jararacussu, but not the one of B. jararaca from the south. At that concentration, only Bt-11 and Bt-12 were able to detect BthTx-I in both B. jararacussu and B. jararaca venom from the south (Fig. 5) .
Cross-reactivity with venoms from different species
We investigated whether these mAbs would recognize venoms of other Bothrops species from Brazil. The mAbs Bt-1, Bt-2, Bt-6, Bt-10, Bt-11 and Bt-12 showed crossreactivity with the venom of B. leucurus, B. moojeni, B. neuwiedi and B. pubescens. However, Bt-3 was highly specific to the venom of B. jararacussu, not recognizing any other Brazilian Bothrops venom ( Table 1 ). The mAbs Bt-10 and Bt-11 showed cross-reactivity with the venoms of B. diporus and B. atrox (Table 1) . Dot blot confirmed the results obtained by ELISA (not shown). Monoclonal 3 (Bt-3) showed the highest specificity for B. jararacussu venom, highlighting the potential for this antibody as a tool for identifying accidents by B. jararacussu in some Brazilian states.
Discussion
The use of immunodiagnostic tests that allow for the elucidation of the pattern of envenomation caused by Fig. 1 Species-specific recognition of anti-BthTx-I against B. jararacussu and B. jararaca venom. The purified antibodies were tested against (a) pools, individual venoms of (b) B. jararacussu and (c) southeastern B. jararaca of different ages (neonate and adults) through dot blot. One microgram of each venom was applied to a nitrocellulose membrane and subjected to recognition by the polyclonal species-specific antibodies at a dilution of 1:1000 Fig. 2 Analysis of mAb recognition of Bothrops venoms. ELISA plates were sensitized with crude venom of (a) B. jararacussu or (b) southeastern B. jararaca, and then tested with mAbs. The test was performed in triplicate and serum polyclonal anti-BthTx-I produced in mice was used as positive control. Normal serum and supernatant of SP2-O cells provided negative controls venomous animals is recommended by the World Health Organization. This emphasizes the need to improve the quality of epidemiological and clinical data on accidents caused by venomous animals, in order to improve the therapeutic approach [24] . Nevertheless, common antigens present in venoms from different snake species have shown to be a major problem in developing immunodiagnostic tests [25] [26] [27] .
In this study, we produced polyclonal antibodies in rabbits against BthTx-I with the aim of differentiating between venoms from B. jararacussu and B. jararaca, snakes of medical importance for the southeastern region of Brazil, especially the state of Rio de Janeiro. The produced antibodies showed extensive cross-reactivity with B. jararaca venom when tested by different immunological methods (data not shown). Then, the cross-reacting molecules were removed by affinity chromatography (Fig. 1) . Other authors have successfully used a similar approach to differentiate among the snake venoms from Bothrops, Lachesis, Crotalus and Micrurus due to their overlapping distribution in Brazil [28] [29] [30] [31] . However, polyclonal antibodies resulting from immunization of animals vary in different matches, given the variability of animal and immunization protocols [32] .
In contrast, the monoclonal antibody constitutes a valuable tool to develop methods for the identification of unknown antigens contained within a mixture of antigens, since each hybridoma is specific for a single antigenic determinant. Because of their high specificity, monoclonal antibodies are standardized reagents that can accurately point out differences in the same or in different molecules, making them important tools in the basic research, immunodiagnosis and clinical studies [33] . Nakamura et al. [34] purified a toxin from Trimeresurus flavoviridis venom (habutobin) and produced monoclonal antibodies that detect habutobin levels in plasma of different animals. Later, Malli and et al. [35] produced monoclonal antibodies against purified toxins from the venom of the spider Cupiennius salei and used it to detect venom in envenomated patients. Such antibodies contributed to an increase in technical specificity of antibodies as immunodiagnostic tools and made it possible to discover the identity of the offending animal [35] .
In our study, we showed that monoclonal antibodies raised against BthTx-I are capable of distinguishing between B. jararacussu and B. jararaca venoms from different regions, as well as other Bothropic venoms (Table 1 ). In Brazil, there is no commercial kit available for snake venom detection. Only Australia produces a detection kit, which is based on polyclonal antibodies [36] [37] [38] [39] [40] . In this context, the relevance of our work is to generate tools for implementation of a detection kit focused on identifying the offending animal when two species or subspecies of clinical relevance are suspected.
The variability in the composition and activities of snake venoms is reported in several studies and can be seen at various levels including ontogenetic, geographic, sexual, inter and intra-specific [41] [42] [43] [44] . In this context, ontogenetic changes in venoms are found in most studies that deal with variability [45, 46] . Tan et al. [47] One microgram of each venom was applied to a nitrocellulose membrane and incubated with mAbs, followed by anti-mouse IgG-peroxidase. The antigen-antibody reaction was developed. Given the reproducibility of the mAbs against ten individual venoms (neonates and adults) of B. jararacussu and B. jararaca, in this study we show representative results using the venom of one neonate and one adult of each snake found qualitative differences in protein profiles of neonates and adults of Notechis scutatus venoms. Furtado et al. [48] , analyzing the actions of venoms from nine species of Bothrops snakes, found significant ontogenetic changes in lethal, enzymatic and the blood clotting activities. Our results show that individual B. jararacussu venoms were recognized by monoclonal antibodies, both from adults and neonates. These results show that BthTx-I is present in the venom of B. jararacussu of different ages (Fig. 3) . It is also important to note that Lys49-PLA 2 is a conserved toxin present in venoms of many species of Bothrops snakes. Thus, a monoclonal antibody that recognizes BthTx-I may recognize the homologous molecules in other venoms, explaining our data in the ELISA assay (Table 1) .
A similar profile of recognition can be observed when comparing our monoclonal antibodies with those described by Prado et al. [49] . The camelid antibody fragments (VHH) with specificity for BthTx-I and BthTx-II from B. jararacussu venom were selected from an immune VHH phage display library. Corroborating our results, some clones showed reactivity against venoms from B. moojeni, B. leucurus and B. diporus and did not recognize B. alternatus venom [49] . This last venom contains a protein with 90% homology with BthTX-I, called BaTX. Ponce-Soto et al. [18] isolated and characterized BaTX that constitutes approximately 5% of the crude venom. We suggest that this low level of BaTX in B. alternatus venom is the cause of the lack of recognition.
In this context, BthTx-I from the southern B. jararaca venom shows 100% homology with BthTx-I from B. jararacussu venom, and it represents 13.8% of the proteins in southern B. jararaca venom [19] . This could be an obstacle to spreading the use of monoclonal antibodies developed by our group to differentiate among B. jararaca bites. However, the BthTx-I from B. jararacussu venom represents approximately 40% of total proteins, the highest concentration described so far for Bothrops venoms [12, 13] . This difference in BthTx-I concentration between the two Bothrops species may influence the signal generated by mAbs in ELISA. For this reason, the dilution of antibodies preserves only B. jararacussu venom detection, since it is the venom with the higher level of BthTx-I among all Bothrops species (Figs. 4  and 5) . Furthermore, accidents caused by B. jararacussu and B. jararaca are epidemiologically relevant in Rio de Janeiro State [3] , where B. jararaca do not produce BThx-I. Thus, the use of a diagnostic kit from a mAb may be regionally important. A diagnostic kit able to discriminate between B. jararaca and B. jararacussu venoms would solve, in Rio de Janeiro, questions related to epidemiology and treatment of patients.
There is a growing interest in the standardization of the ELISA technique in the form of an immunodiagnostic test, as used in Australia. It could be used in different locations and could offer to healthcare professionals a quick diagnosis of the genus involved in the accident and the amount of injected venom. Moreover, it is noteworthy that the data on snakebite are quite fragmentary because of the lack of information and recorded data. Therefore, the development of a regional diagnostic kit for identification of snake venoms could improve the treatment of snakebite victims and contribute to epidemiological studies.
Conclusion
Our results demonstrate the potential of BthTx-I as a biomarker molecule to be used for antibody production (monoclonal and polyclonal) and posterior specific detection of B. jararacussu venom. These antibodies may be an important tool for the development of a detection kit that differentiates between venoms from B. jararacussu and B. jararaca, especially in Rio de Janeiro where both species are epidemiologically relevant.
Abbreviations BthTx-I: Bothropstoxin-I; mAbs: monoclonal antibodies
